Full utilization of renewable energy resources will require innovation in electrochemical energy conversion and storage technologies including hydrogen-oxygen fuel cells, direct alcohol fuel cells, and metal-air batteries. A common challenge to development of these technologies is the need for electrocatalysis of the oxygen reduction reaction. [1] [2] [3] [4] The oxygen reduction reaction is more efficiently catalyzed in alkaline electrolyte, 5 but even in this medium, the performance of the present commercial Pt/C catalysts is non-optimal. 6 The Pt/C catalysts lack durability resulting in unacceptably rapid degradation of activity through time. In addition, the high cost of platinum metal would remain an issue even if catalytic performance were ideal. 7 Thus, a critical materials challenge is the development of low cost, high activity electrode materials to catalyze the oxygen reduction reaction in alkaline media.
Considerable effort has been devoted to the development of oxygen reduction reaction catalysts based on non-platinum transition metals, especially metal oxides and hydroxides. In these works, oxides (or hydroxides) of manganese and cobalt have received the majority of the attention with particularly promising results demonstrated for CoO/carbon nanotube hybrids, carbon-supported MnO x /C, and a Co 3 O 4 /N-doped graphene hybrid. [8] [9] [10] [11] In contrast to manganese and cobalt, comparatively little work has been directed toward evaluating the different phases of nickel oxide or hydroxide as catalysts for the oxygen reduction reaction. Such work may uncover new oxygen reduction reaction catalysts, and may also clarify the mechanism by which doping with nickel hydroxide enhances activity and durability of MnO x catalysts. density on either the unsupported α-Ni(OH) 2 particles or the support alone. 13 This suggests a synergistic interaction between alpha nickel hydroxide particles and the graphene oxide support, a phenomenon previously observed for Co 3 O 4 supported on graphene. 9 Preliminary rotating disk electrode (RDE) studies provided evidence that the oxygen reduction reaction on α-Ni(OH) 2 /GO proceeded primarily through a 4e
− pathway in alkaline solution. 13 While the observed activity of the α-Ni(OH) 2 /GO catalyst was encouraging, fundamental kinetic questions remained regarding the oxygen reduction reaction on this material. The first question was whether the reaction mechanism on the α-Ni(OH) 2 /GO catalyst was distinct from that on the unsupported α-Ni(OH) 2 catalyst. Comparison of the mechanisms would provide insight into the origin of the synergy between the α-Ni(OH) 2 catalyst and the graphene oxide support. The second question was how the reaction mechanisms on the supported and unsupported α-Ni(OH) 2 catalysts compared to established mechanisms for other transition metals, especially oxides and hydroxides of manganese and cobalt.
In alkaline solution, the oxygen reduction reaction can follow a direct four electron pathway, a two electron pathway, or a sequential four electron pathway. 15 These pathways are each comprised of multiple elementary steps, but the overall pathways may be summarized by three reactions. The direct 4e
− pathway entails conversion of O 2 to OH − (Equation 1).
The 2e − pathway converts O 2 to HO 2 − (Equation 2).
The HO 2 − may either desorb from the catalyst surface, or it may persist enabling a further 2e − reduction to OH − (Equation 3). This second step completes the 4e − transfer of the sequential mechanism.
For electrocatalytic devices, a four electron transfer, whether through a direct or sequential pathway, is preferable. The electron transfer numbers reported for carbon support materials such as carbon black and the pristine reduced graphene oxide (RGO) are about 2.5 and 2.7, respectively. 10, 16 For the MnO x /C and RGO-MnO 2 the electron transfer numbers for the oxygen reduction reaction increase to 3.54 and 3.8, values similar to those for commercially available Pt/XC-72. 10, 16 Depending on the nanostructures and shapes of MnO 2 , reported electron transfer numbers for MnO 2 vary from 2.9 to 3.9.
17 For N-doped graphene supported Co 3 O 4 , the electron transfer number is 3.9, and for transition metal hydroxides such β-Co(OH) 2 /C and β-Ni(OH) 2 /C H572 Journal of The Electrochemical Society, 162 (9) H571-H578 (2015) the number of electrons transferred in the oxygen reduction reaction are close to 3 and 4, respectively. 9, 11, 14 However, as stated above, the activity of the β-Ni(OH) 2 catalyst is quite low. The order of reaction with respect to O 2 is ∼1 for MnO x and CoO x , 9-10 similar to that reported for precious metal catalysts. [18] [19] [20] The order of reaction with respect to hydroxyl is −0.5 for MnO x . 10 In this study, we use rotating disk electrode linear sweep voltammetry to evaluate the kinetics of the oxygen reduction reaction on microwave synthesized α-Ni(OH) 2 and α-Ni(OH) 2 /GO at a range of hydroxyl and oxygen concentrations. These data enable extraction of electron transfer numbers, reaction orders with respect to oxygen and hydroxyl, and kinetic rate constants. This detailed kinetic information allows for a more complete comparison between the mechanism of the oxygen reduction reaction on supported and unsupported α-Ni(OH) 2 and other transition metal oxides and hydroxides. To our knowledge, there is no report that shows the effect of hydroxyl ion concentration and oxygen concentration on the catalytic activity of nickel hydroxide catalysts for oxygen reduction in alkaline solution.
Experimental
Synthesis and characterization.-The Ni(OH) 2 /GO hybrid catalyst was synthesized based on the procedure described in previous work. 13 Briefly, 50 mg of graphite oxide was dispersed in 100 mL of water, and exfoliation of graphite was achieved by sonication of the dispersion for 2 h in an ultrasonic bath (Fisher Scientific, FS30). After sonication, a brownish dispersion was obtained indicating exfoliation of the graphite to produce graphene oxide. After exfoliation, 1.64 g of nickel (II) acetate (Acros Organics, 99+%) and 6.77 g of urea (Acros Organics, 99.5%) were added to the graphene oxide dispersion while stirring for 30 min. This procedure was followed by microwave (General Electric, JES1142SJ) irradiation of the as prepared dispersion. The microwave process was carried out in ambient conditions at a power level of approximately 700 W for 7 min. The resulting black precipitate was collected by filtration, washed three times with distilled water, and dried at 100
• C for 12 h in a vacuum oven. Pure Ni(OH) 2 nanostructures were synthesized by the same procedure as described above, but in the absence of graphene oxide.
Characterization of the Ni(OH) 2 nanoparticles and the Ni(OH) 2 / GO hybrid catalyst was performed by X-ray diffraction (XRD), scanning electron microscopy (SEM), and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). 13 X-ray diffraction measurements showed a rhombohedral α-Ni(OH) 2 crystalline structure in both the presence and absence of the graphene oxide support. SEM images revealed a homogeneous distribution of supported Ni(OH) 2 nanoparticles (∼150-200 nm, rhombohedral particles and platelets) with no undecorated graphene oxide sheets. Distinct rhombus-shaped particles in the range of 250-300 nm were observed for the unsupported Ni(OH) 2 . Diffuse reflectance infrared spectroscopy showed the disappearance of the C=O bonds on the graphene oxide sheet after the synthesis with Ni(OH) 2 . This suggested that the graphene oxide sheet was reduced.
Electrochemical measurements.-Linear sweep voltammetry measurements were carried out with a potentiostat/galvanostat/FRA (Princeton Applied Research, PARSTAT 2273) in a conventional onecompartment glass three-electrode cell (Princeton Applied Research, Analytical Cell Kit, Model RDE 0018). A glassy carbon disk (Princeton Applied Research, 5 mm diameter) was used as support for the catalysts and served as the working electrodes during the electrochemical measurements. Electrode rotation was accomplished with a manually set electrode rotator (Princeton Applied Research, Model 636). A Pt wire coil (BASi) was used as the counter electrode, and the reference electrode was Ag/AgCl (CH Instruments, 1 M KCl). This reference electrode potential is +234 mV versus NHE. [21] [22] Linear sweep voltammetry (LSV) rotating disk electrode (RDE) measurements were carried out at a rate of 5 mV s −1 from 0.05 V to −0.7 V vs. Ag/AgCl. Rotational speeds were varied from 100 to 2000 rpm. Prior to use, the glassy carbon disk electrode was polished with 1.0, 0.3 and 0.05 μm alumina powder, and then cleaned via sonication in an ethanol-water bath for ∼3 min. The electrode was then sonicated in 18 M water for ∼3 min. To prepare the catalyst inks for the electrode modification, 1 mg of catalyst was dispersed in 1 mL of N,N-dimethylformamide (DMF), and sonicated with a sonic wand (Sonics, Vibra Cell), for 60 min to form a homogenous ink. This ink was then re-sonicated for 60 min in a bath sonicator immediately prior to functionalization of the working electrode. After dispersion, 9.0 μL of catalyst ink was loaded onto the 5 mm glassy carbon electrode which was dried in an oven for a minimum of two hours to evaporate the solvent. For the electrochemical measurements, aqueous solutions of NaOH (Fluka, Analytical Grade) at the desired concentrations were prepared in 18 M water (Milli-Q) and used as the supporting electrolyte. The solutions were purged with argon for 20 minutes for O 2 -free scans. The argon purge was removed from the solution during scanning, but flow was continued in the free area in the cell above the electrolyte. For O 2 -saturated scans, O 2 was bubbled into the supporting electrolyte for 20 min. The oxygen purge was removed from the solution during scanning, but flow was continued in the free area in the cell above the electrolyte. Ambient oxygen concentration was achieved without any bubbling. Irrespective of the oxygen or hydroxyl concentration, a more positive onset potential and higher peak current is observed for the α-Ni(OH) 2 /GO as compared to the α-Ni(OH) 2 alone. The onset potentials for both the α-Ni(OH) 2 and α-Ni(OH) 2 /GO catalyst are also lower and the peak current higher as compared to the graphene oxide support alone. 13 The observation that the α-Ni(OH) 2 /GO catalyst has lower onset potential and higher current than either the graphene oxide support or α-Ni(OH) 2 alone suggest that the catalyst and support act in synergy. This phenomenon has been documented previously for 0.5 M NaOH concentration, 13 and is now confirmed for the present less alkaline conditions of 0.05 M and 0.1 M.
Results and Discussion
The unsupported catalyst at the lowest hydroxyl concentration (0.05 M) shows a slightly inclined current between −0.45 V and −0.55 V, and then displays an increasingly sloped current at potentials beyond −0.55 V. The observation of a sloped plateau region in rotating disk electrode measurements is common in studies of electrocatalytic reactions, especially the oxygen reduction reaction. [23] [24] [25] [26] Based on a simple kinetic model of a two-step process involving chemical interaction with the catalyst followed by an electron transfer step, it can be shown that the inclined plateau regions arise from the presence of a range of active sites with different reduction potentials and from the relative rates of the chemical step versus the electron transfer step. 23 In contrast, the shape of the linear sweep voltammograms of the supported α-Ni(OH) 2 catalyst does not display significant slope, even at high overpotential and low hydroxyl concentration; for all hydroxyl concentrations from 0.05 M to 0.5 M, the oxygen reduction reaction on α-Ni(OH) 2 /GO shows a flat limiting current region between −0.4V and −0.6V.
Electron transfer number of the oxygen reduction reaction.-Rotating disk electrode measurements were performed at different working electrode rotation rates in order to determine the electron transfer numbers for the oxygen reduction reaction on the supported and unsupported Ni(OH) 2 as a function of hydroxyl concentration. The electron transfer numbers were calculated using the slopes of the Levich plots 27-28 ( Figure 2 ) in which the inverse of the Levich or limiting current was plotted against the inverse square root of the rotation rate, 
Here, i L is Levich or limiting current (generally stable in the range of −0.40 V to −0.55 V in this work), ω is the rotation rate, F is the Faraday constant, C O2 is the saturation concentration of oxygen, D O2 is the diffusion coefficient of O 2 in the NaOH solution, and ν is the kinematic viscosity of the solution. Since the saturation oxygen concentration, solution viscosity, and oxygen diffusion coefficient vary as a function of inorganic electrolyte concentration, [29] [30] the values of C O2 , ν, and D O2 were calculated for NaOH concentrations of 0.05 M, 0.1 M, and 0.5 M, and are summarized in Table I . 31 Based on the NaOH concentration corrected values listed in Table I , n, the electron transfer number, was readily calculated from the Levich slopes
2/3 v −1/6 ) (representative Levich plot for the current measured at −0.45 V is shown in Figure 2 ). The electron transfer numbers for overpotentials between −0.40 V and −0.55 V are summarized in Table II . The electron transfer numbers for the unsupported α-Ni(OH) 2 fall in the range of 2.9 ± 0.2, consistent across the range of hydroxyl concentrations. For the α-Ni(OH) 2 /GO hybrid catalyst, the electron transfer numbers for the oxygen reduction reaction in 0.05 M NaOH and 0.1M NaOH are in the range of 3.4 ± 0.1. In 0.5 M NaOH, the electron transfer numbers range from 3.8 to 3.9.
The observation that the electron transfer numbers are neither exactly two nor exactly four suggests that for α-Ni(OH) 2 and α-Ni(OH) 2 /GO, the measured current is likely due to simultaneous reduction of oxygen through four electron and two electron pathways. The observation that the α-Ni(OH) 2 /GO catalyst displays higher electron transfer numbers than the free α-Ni(OH) 2 catalyst indicates that, although both catalysts permit simultaneous two and four electron mechanisms, the four electron pathway is more favorable on the α-Ni(OH) 2 /GO hybrid catalyst as compared to the unsupported α-Ni(OH) 2 catalyst. In fact, while the electron transfer numbers calculated for the unsupported α-Ni(OH) 2 catalyst suggest a quite significant proportion of two electron transfer, the electron transfer numbers calculated for the supported catalyst suggest predominant four electron transfer. For unsupported α-Ni(OH) 2 , the proportion of two and four electron transfer pathways does not vary significantly with hydroxyl concentration for the range of potentials in which Levich current is stable. For α-Ni(OH) 2 /GO, the proportion of four electron transfer increases slightly at the highest hydroxyl concentration of 0.5 M. Kinetic rate constants.-In addition to providing the electron transfer numbers, the linear sweep rotating disk electrode measurements furnished pH-dependent kinetic rate constants for oxygen reduction on α-Ni(OH) 2 /GO and unsupported α-Ni(OH) 2 . 32 In order to obtain these values, Koutecky-Levich plots were created in which the inverse of the total measured current is plotted against the inverse square root of the rotation rate (Figure 3 ). For these plots, the total measured current is interpreted as a function of the Levich (limiting) and kinetic currents, Equation 5 , where i L (A) is the Levich current, and i k (A) is the kinetic current.
These currents, in turn, can be expressed in terms of the electron transfer numbers, the kinetic rate constant, and physical parameters of the experiment, Equation 6 . (Table I) , and the calculated electron transfer numbers (from the slope of the Koutecky-Levich plots) the kinetic rate constant, K, was determined as a function of applied potential for each hydroxyl concentration (Table III) . As can be seen from the ratios of the kinetic rate constants on the two catalysts, irrespective of the potential, the kinetic rate constant is always larger for the α-Ni(OH) 2 /GO hybrid catalysts as compared to the unsupported α-Ni(OH) 2 . The larger kinetic rate constant observed for the α-Ni(OH) 2 /GO hybrid supports the interpretation that the synergy between the α-Ni(OH) 2 and the graphene oxide leads to a greater activity for the oxygen reduction reaction on the hybrid catalyst. This synergistic action is evident throughout the whole range of hydroxyl concentrations studied. In fact, the ratio of the α-Ni(OH) 2 /GO kinetic rate constant to the α-Ni(OH) 2 kinetic rate constant increases with increasing hydroxyl concentration.
More detailed examination of the potential dependence of the kinetic rate constant enables deconvolution of the constant into chemical reaction rate constants and electron transfer rate constants. 33 As the kinetic rate constant contains contributions from the rates of purely chemical processes and from the rates of electron transfer processes, the kinetic rate constant can be described as follows (Equation 7):
K c is the chemical reaction rate constant, K e is the electron transfer rate constant, α is the electron transfer coefficient in the rate determining step, n α is the electron transfer number in the rate determining step, E is the applied potential, and E 0 is the thermodynamic potential. F, R, and T are the Faraday constant, the ideal gas constant, and the temperature, respectively. For the oxygen reduction reaction, K c is typically interpreted to correspond to the rate constant for the adsorption of O 2 on the catalyst active site, and K e is the electron transfer rate constant for the rate determining electron transfer step. For this electron transfer step, the corresponding electron transfer number, n α , is typically accepted as 1. 33 Based on Equation 7 , it is clear that at high overpotentials, the electron transfer contribution to the total kinetic rate constant approaches 0, and the kinetic rate constant becomes potential independent and equal to the chemical reaction rate constant. In Table III of the chemical reaction rate constants, K c . These values are summarized in Table IV for α-Ni(OH) 2 and α-Ni(OH) 2 /GO for all of the measured hydroxyl concentrations. For hydroxyl concentrations of 0.05 M and 0.1 M, the value of K c for α-Ni(OH) 2 /GO is 2-3 times as high as the corresponding value on α-Ni(OH) 2 . For the hydroxyl concentration of 0.5M, the value of K c is nearly ten times higher on the supported catalyst. The differences between K c on the supported and unsupported catalyst suggest that part of the synergy between the α-Ni(OH) 2 catalyst and the graphene oxide support can be traced to an increased rate constant for O 2 adsorption on the supported catalyst. By simple Arrhenius kinetics, this would imply that the activation energy for adsorption on the supported catalyst may be lower as compared to the unsupported catalyst. The hypothesized lower activation energy for O 2 adsorption on the supported catalyst would contribute to the synergistic affect observed between the α-Ni(OH) 2 catalyst and the graphene oxide support.
Using the values of the chemical reaction rate constant, K c , derived from the potential independent region of the kinetic rate constant, K, it is possible to approximate the electron transfer rate constant, K e . log(1/K − 1/K c ) = log(1/K e ) + 2.303(αn α F/RT)(E−E 0 ) [8] E 0 , the thermodynamic potential for the oxygen reduction reaction under the conditions of the present study, is obtained from the Nernst equation (Equation 9) as applied to the oxygen reduction reaction, Table III . Summary of kinetic rate constants for catalytic oxygen reduction reaction at α-Ni(OH) 2 and α-Ni(OH) 2 /GO hybrid catalysts in O 2 -saturated solution of NaOH at different concentrations. The final column shows the ratio of the kinetic rate constants for the supported and unsupported catalysts. Kinetic rate constants are calculated based on the electron transfer numbers corresponding to each potential. 
The value of E 0' , the standard thermodynamic potential, is 0.401 V vs. NHE. 22, 34 The values for [O 2 ], the concentration of oxygen, are as defined in Table I . With the appropriate E 0 values calculated, the intercept of the plots of log (1/K -K c ) versus E-E 0 ( Figure 4 ) can be used to compute the value of K e , the electron transfer rate constant (Table  IV) . We note here that application of this treatment to the present catalysts will yield approximate electron transfer rate constants because the above calculation of E 0 is based on a Nernst equation that assumes four electron transfer (based on Equation 1). The actual electron transfer numbers on the supported and unsupported α-Ni(OH) 2 catalysts (Table II) suggest contribution of both two and four electron pathways.
For all hydroxyl concentrations in this study, the value of the electron transfer rate constant is greater on the α-Ni(OH) 2 /GO catalyst as opposed to the unsupported catalyst. Interestingly, the value of the electron transfer rate constant increases steadily on the α-Ni(OH) 2 /GO catalyst such that for hydroxyl concentrations of 0.5 M, it is more than two orders of magnitude higher than the corresponding electron transfer rate constant on the unsupported α-Ni(OH) 2 . This suggests that increases in the electron transfer rate may also contribute to the synergy between the α-Ni(OH) 2 catalyst and the support.
Reaction orders with respect to O 2 and OH
− .-The influence of oxygen concentration on the oxygen reduction reaction kinetics was investigated to determine the reaction orders with respect to O 2 . In order to study the reaction order with respect to oxygen concentration, rotating disk results were obtained for unsupported α-Ni(OH) 2 and α-Ni(OH) 2 /GO catalysts at two different oxygen partial pressures (air: 0.2 atm., and pure oxygen: 1 atm.) at each hydroxyl concentration (data shown in Figure 1 ). The rate of reaction is reflected in the kinetic current (Equation 10): From the RDE results, the kinetic current densities, i k , at low overpotentials were tabulated after correction for O 2 diffusion in solution
). 35 For constant hydroxyl concentration, the ratio of the low overpotential kinetic currents, i k,1atm /i k,0.2atm , then provided the order of reaction with respect to oxygen. Table V represents the reaction orders with respect to oxygen concentration for unsupported α-Ni(OH) 2 and α-Ni(OH) 2 /GO catalysts at different hydroxyl concentrations. The reaction orders are all in the range of 0.8 ± 0.1. These values are close to 1, in agreement with previous reports for MnO x /C, platinum, and silver. 10, [18] [19] [20] The effect of pH on the kinetics of the oxygen reduction reaction was examined to determine the orders of reaction with respect to hydroxyl. To do so, linear sweep voltammograms were obtained at a rotation rate of 2000 rpm with saturated O 2 concentration and varying hydroxyl concentrations. The overpotential of the working electrode at constant current density was recorded to create plots of the polarization voltage as a function of the log of the current density (Figures 5a and  5b) . 36 The voltage necessary to sustain low (0.13 mA/cm 2 ) and high (1.3 mA/cm 2 ) current densities was then plotted as a function of pH (Figures 5c and 5d ). For the α-Ni(OH) 2 /GO catalyst, at low and high current densities, the slope of the E vs. pH line is quite close to 0 suggesting that the order of reaction with respect to hydroxyl is approximately zero. For the unsupported α-Ni(OH) 2 , the slope of the line is ∼0.1, suggesting that the order of reaction with respect to hydroxyl may be slightly positive, but also quite close to 0.
The nearly equal orders of reaction with respect to oxygen and hydroxyl on α-Ni(OH) 2 and α-Ni(OH) 2 /GO suggests that the mechanism of reaction on the supported and unsupported catalysts may be similar. Further consideration of the orders of reaction allows comparison of the oxygen reduction reaction mechanism on the current Ni-based catalysts to other transition metal catalysts. Notably, the reaction order with respect to oxygen observed for supported and unsupported α-Ni(OH) 2 is close to 1, the same as the reaction order with respect to oxygen for carbon supported MnO x nanoparticles, 10 and for platinum and silver. [18] [19] [20] The first order kinetics with respect to oxygen has been interpreted to indicate that the adsorption of oxygen is a rate determining step in the mechanism. 10 Even though α-Ni(OH) 2 and α-Ni(OH) 2 /GO have the same orders of reaction with respect to oxygen, the higher activity of the supported α-Ni(OH) 2 catalyst may be explained by the observation that the chemical reaction rate constant is more rapid on the supported versus unsupported catalyst. Supported and unsupported α-Ni(OH) 2 display reaction orders with respect to hydroxyl of approximately 0 and ∼0.1, respectively. These values, while similar to one another, are distinctly different from what has been observed for carbon-supported MnO x . 10 For carbonsupported MnO x , the reaction order with respect to hydroxyl is −0.5, and for Ni-doped MnO x the reaction order with respect to hydroxyl is −2. The reaction order with respect to hydroxyl for Pt 3 Co is −0.5 and 0 for low and high current density regions, respectively. 36 The order of reaction with respect to hydroxyl concentration, and in general the sensitivity of the oxygen reduction reaction with respect to hydroxyl concentration, is typically interpreted to arise from two sources. 37 The first is that adsorbed hydroxyl may block active sites for O 2 adsorption. For most catalysts, higher solution concentration of hydroxyl results in a higher equilibrium surface concentration, and hence more site blocking. The observation that the chemical reaction rate constant increases as a function of OH − concentration indicates that OH − probably does not retard O 2 adsorption on the α-Ni(OH) 2 catalysts. The other mechanism by which hydroxyl is typically thought to steer the kinetics of the oxygen reduction reaction is by varying the binding energy of reaction intermediates. Again, it has been hypothesized that higher solution concentration of OH − would result in higher surface coverage and more profound effect on intermediate binding energies. In the case of the present α-Ni(OH) 2 catalysts, since the order of reaction with respect to hydroxyl is 0 to 0.1, the catalyst displays diminished sensitivity to hydroxyl concentration. We propose that the tolerance of the α-Ni(OH) 2 catalysts to OH − concentration arises because the catalyst surface is pre-hydroxylated. As such, sites for hydroxyl adsorption are already occupied on the catalyst surface, and the equilibrium concentration of hydroxyl on the surface may be decoupled from the solution phase hydroxyl concentration. Thus, variations in solution phase hydroxyl concentration would not diminish reaction rate.
Conclusions
The kinetics of the oxygen reduction reaction on α-Ni(OH) 2 /GO and α-Ni(OH) 2 are studied using rotating disk linear sweep voltammetry at a range of oxygen and hydroxyl concentrations. Irrespective of the pH, the electron transfer number on the unsupported catalysts is 2.9 ± 0.2. On the GO supported catalyst the electron transfer number is 3.4 ± 0.1 at low hydroxyl concentration and 3.8-3.9 at [OH − ] = 0.5M. The electron transfer numbers indicate that while both supported and unsupported α-Ni(OH) 2 simultaneously catalyze the two and four electron pathways, the four electron pathway is relatively more dominant on the GO supported catalyst. Rotating ring disk studies are planned to further investigate the role intermediate desorption may play in the variation of electron transfer numbers.
In addition to having higher electron transfer numbers, the α-Ni(OH) 2 /GO catalyst has a greater kinetic rate constant as compared to unsupported Ni(OH) 2 . The higher kinetic rate constant is due to contributions from a higher chemical reaction rate constant and from a higher electron transfer rate constant. The higher chemical reaction rate constant may suggest a lower activation energy for adsorption of O 2 on the supported catalyst. Density functional theory calculations are underway to investigate the hypothesis that modification of the O 2 adsorption energy may contribute to the synergy between the α-Ni(OH) 2 catalyst and the GO support. Increased electron transfer rates may also contribute to the support/catalyst synergy as suggested by the higher electron transfer rate constant on the GO supported catalyst.
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Journal of The Electrochemical Society, 162 (9) H571-H578 (2015) The order of reaction with respect to oxygen for both α-Ni(OH) 2 /GO and α-Ni(OH) 2 is ∼1, similar to other transition metals and metal oxides. The orders of reaction with respect to hydroxyl for α-Ni(OH) 2 /GO and α-Ni(OH) 2 are 0 and 0.1, respectively. These values are unusual as most of the transition metal and metal oxide catalysts display negative orders of reaction with respect to hydroxyl concentration. We hypothesize that the tolerance of the α-Ni(OH) 2 /GO and α-Ni(OH) 2 catalysts to solution phase hydroxyl concentration arises because the surfaces of the α-Ni(OH) 2 catalysts are pre-hydroxylated. Hence, the equilibrium concentration of surface hydroxyl may not vary with solution concentration. Instead it is inherent to the catalyst structure. The tolerance of these α-Ni(OH) 2 catalysts to solution hydroxyl concentration suggests that they may be particularly useful for applications in which high hydroxyl concentrations are desired or in which the catalyst must operate stably under changing hydroxyl concentrations.
